The Na v 1.1 voltage-gated sodium channel is a critical contributor to excitability in the brain, where pathological loss of function leads to such disorders as epilepsy, Alzheimer's disease, and autism. This voltage-gated sodium (Na v ) channel subtype also plays an important role in mechanical pain signaling by primary afferent somatosensory neurons. Therefore, pharmacologic modulation of Na v 1.1 represents a potential strategy for treating excitability disorders of the brain and periphery. Inactivation is a complex aspect of Na v channel gating and consists of fast and slow components, each of which may involve a contribution from one or more voltage-sensing domains. Here, we exploit the Hm1a spider toxin, a Na v 1.1-selective modulator, to better understand the relationship between these temporally distinct modes of inactivation and ask whether they can be distinguished pharmacologically. We show that Hm1a inhibits the gating movement of the domain IV voltage sensor (VSDIV), hindering both fast and slow inactivation and leading to an increase in Na v 1.1 availability during high-frequency stimulation. In contrast, ICA-121431, a small-molecule Na v 1.1 inhibitor, accelerates a subsequent VSDIV gating transition to accelerate entry into the slow inactivated state, resulting in use-dependent block. Further evidence for functional coupling between fast and slow inactivation is provided by a Na v 1.1 mutant in which fast inactivation removal has complex effects on slow inactivation. Taken together, our data substantiate the key role of VSDIV in Na v channel fast and slow inactivation and demonstrate that these gating processes are sequential and coupled through VSDIV. These findings provide insight into a pharmacophore on VSDIV through which modulation of inactivation gating can inhibit or facilitate Na v 1.1 function.
Na v 1.1 | fast inactivation | slow inactivation | Hm1a spider toxin | ICA-121431 P roper electrical signaling within neuronal systems requires an exquisite balance between excitation and inhibition at the molecular, cellular, and network levels. Among the most robust loci for regulating excitability are voltage-gated sodium (Na v ) channels, a protein family consisting of nine subtypes (Na v 1.1-1.9) that initiate and propagate action potentials throughout the human body (1) . Loss-of-function mutations in Na v 1.1 produce epilepsy syndromes, likely reflecting the critical importance of this Na v channel subtype in controlling the excitability of inhibitory interneurons in the brain (2) (3) (4) . In contrast, gain-offunction mutations that diminish Na v 1.1 fast inactivation are linked to familial hemiplegic migraine type 3 (5) (6) (7) (8) (9) . Therefore, Na v 1.1 has emerged as an important therapeutic target for brain disorders and, more recently, mechanical pain (10) .
A high degree of amino acid sequence similarity among Na v channels complicates the development of subtype-selective pharmacologic agents, however (11) . In addition, an efficacious Na v 1.1 compound should target the appropriate gating transition to restore normal excitability patterns within a particular tissue. For example, neurons with a reduced complement of functional Na v 1.1 channels will be most prone to dysfunction during elevated or sustained neuronal firing, because the pool of available channels will be further reduced by usedependent accumulation of channels in inactivated states (12) .
In this context, a compound that inhibits channel inactivation would be particularly beneficial. However, Na v channel inactivation is a complex process that includes binding of an inactivation particle to the intracellular side of the pore (fast inactivation), as well as a structurally and temporally distinct process whereby the selectivity filter becomes nonconducting after prolonged depolarization (slow inactivation) (1, 13, 14) . Mammalian Na v channels are large proteins composed of four homologous domains that form a pseudo-fourfold symmetric channel comprising a central pore surrounded by four voltage sensors, one from each domain (1) . Accumulating evidence suggests that activation gate opening is associated with movement of voltage sensors in domains I-III (VSDI-III), whereas fast inactivation is initiated by subsequent movement of the voltage sensor in domain IV (VSDIV) (1, 15, 16) ; however, the role of VSDIV in slow inactivation and the possibility of functional coupling between fast and slow inactivation remain matters of debate (17) (18) (19) .
In the present study, we probed the molecular details of channel inactivation in relation to VSDIV using Hm1a, a recently discovered spider toxin that selectively enhances the Na v 1.1 current through a two-point interaction with VSDIV (10). We found that Hm1a inhibits fast and slow inactivation, whereas a small-molecule inhibitor, ICA-121431 (20) , acts solely on slow inactivation through interactions with the same voltage sensor, thus supporting a role for VSDIV in both fast and slow inactivation. Moreover, we show that a Na v 1.1 mutant lacking fast inactivation has dramatic effects on slow inactivation, further suggesting coupling between these processes (21) . Finally, we found that inhibition of fast and slow inactivation increases Na v 1.1 availability in a frequency-dependent manner, Significance Na v 1.1 is a potential therapeutic target for brain disorders, such as epilepsy, Alzheimer's disease, and autism. Moreover, this voltage-gated sodium (Na v ) channel subtype contributes to mechanical pain by regulating excitability in a specific subset of sensory neurons within the peripheral nervous system. The results of our study shed light on the molecular mechanisms underlying Na v 1.1 inactivation and suggest pharmacologic approaches to address relevant disease-related phenotypes.
reminiscent of migraine-linked mutations in Na v 1.1 (5-9). These effects highlight the potential for pharmacologically targeting the VSDIV region as a therapeutic strategy for managing neurologic disorders in which Na v 1.1 function is diminished (2, 3) .
Results
Hm1a Binds to VSDIV to Alter Na v 1.1 Fast Inactivation and Amplify Window Current. We previously reported that Hm1a interacts with extracellular loops connecting transmembrane segments 1-2 and 3-4 (S1-S2/S3-S4) in VSDIV to inhibit Na v 1.1 fast inactivation (10) . Application of Hm1a also increases peak Na + currents and produces a considerable persistent current at depolarized potentials (10) . To further probe the underlying mechanism(s) of these actions, we first studied the kinetic and steady-state effects of Hm1a on fast inactivation. Facilitation of peak Na + current can result from increased Na v 1.1 availability. Indeed, Hm1a accelerates recovery from fast inactivation at very short time intervals, and shifts the voltage dependence of recovery into the physiological voltage range ( Fig. 1 A and B) . These effects can account for the observed toxin-dependent increase in peak Na + current in cells heterologously expressing Na v 1.1, as well as the increased action potential firing rate in mechanosensitive primary afferent fibers (10) . These properties are similar to those described for other toxins from arachnids that interact with the S3b-S4 motif in VSDIV (1) .
Although kinetic changes to fast inactivation are often described for VSDIV toxins, their effects on steady-state inactivation (SSI) are less well defined. We previously found that Hm1a introduced a plateau in the SSI curve around the test potential, such that inactivation appeared incomplete (10) (Fig. 1C, Top) . By extending the range of depolarized potentials in our SSI protocol, we discovered that more channels are forced into the inactivated state after depolarization to voltages >0 mV (Fig. 1C , Bottom Left). To record an SSI curve using a more depolarized test potential, we switched to low external Na + , enabling us to measure outward currents at +40 mV (Fig. 1C , Bottom Right). Under these conditions, the SSI curve in the presence of Hm1a was substantially rightshifted (V 1/2 = −35 ± 2 mV vs −60 ± 1 mV in the presence or absence of toxin, respectively (Fig. 1D) . Importantly, SSI in the absence of Hm1a was unchanged when current was measured at a +40-mV test potential in low external Na + (Fig. S1A ). To test whether shifts in SSI are a common feature of VSDIVbinding toxins, we examined the effects of LqqIV, a VSDIV-binding α-scorpion toxin (22, 23) using this same protocol. Similar to Hm1a, LqqIV shifted the SSI curve to more positive potentials (V 1/2 = 67 ± 3 mV) (Fig. S1A ). Our results with Hm1a predict a range of voltages over which Na v 1.1 channels will activate but then incompletely inactivate, thereby producing a sustained "window current." Indeed, such a current developed in the presence of Hm1a during a slow voltage ramp from −70 to +70 mV (Fig. 1E ). This window current was due to steady-state effects rather than kinetic effects on fast inactivation, because indistinguishable window currents were observed when the ramp was reversed (+70 mV to −70 mV over 1 s) (Fig. 1F) . Importantly, a small but mostly noninactivating current produced at ∼ −40 mV may decrease the threshold for action potential firing (24) , as is seen in sensory neurons after application of Hm1a (10).
VSDIV Plays a Role in Slow Inactivation. Having established the VSDIV-mediated effect of Hm1a on Na v 1.1 fast inactivation and window current, we next investigated the influence of toxins on slow inactivation, which develops over seconds to tens of seconds. To assess this gating parameter, we held oocytes at various potentials for 10 s to monitor the voltage dependence and entry into the slow inactivated state. We found that Hm1a (1 μM) substantially shifted the voltage dependence of slow inactivation (V 1/2 ) from −68 ± 2 mV in control conditions to −42 ± 1 mV after toxin application (ΔV 1/2 ∼26 mV) ( Fig. 2A) . LqqIV (100 nM) had a comparable effect, with a V 1/2 of −65 ± 1 mV in control and −44 ± 1 mV on toxin application (Fig. S1B) . The time course of entry into the slow inactivated state was slightly slower in the presence of Hm1a across a range of test pulse durations, although the effect on kinetics was less pronounced compared with the effect on voltage dependence (Fig. 2B ). In contrast, Hm1a did not influence the voltage dependence of recovery from slow inactivation (Fig. 2C) . Indeed, by monitoring sustained current at −30 mV during this protocol, we found that sustained current was reduced, as if Hm1a unbound during prolonged depolarizations (Fig. 2D ). Taken together, these data demonstrate that Hm1a influences entry into slow inactivation by interacting with VSDIV, indicating a role for this voltage sensor in Na v 1.1 slow inactivation. (A) Recovery of Na v 1.1 currents after fast and slow inactivation. Oocytes were depolarized to elicit peak conductance, then rested for a variable interval before a second depolarization to determine the fraction of channels recovered from inactivation. The duration of the interval ranged from 0 to 50 ms in 1-ms steps and from 50 ms to 3,000 ms in 50-ms steps to examine recovery from fast and slow inactivation, respectively. Black circles depict Na v 1.1 before the application of 100 nM toxin application, and red circles depict Na v 1. Hm1a Increases Na v 1.1 Availability and Supports Elevated Action Potential Firing. The combined effect of Hm1a on fast and slow inactivation is sufficient to explain the previously reported increased excitability of Na v 1.1-expressing neurons in the presence of the toxin (10) . Indeed, the effects on excitability would be particularly noticeable during rapid neuronal firing, when fast and slow inactivation limit firing rate and duration, respectively. To replicate these effects in a heterologous system, we exposed Na v 1.1-expressing oocytes to prepulse trains of simulated action potentials and measured currents without and with 100 nM Hm1a (Fig. 3A) . We found that Na v 1.1 availability dramatically increased with the toxin, by 3-to 10-fold depending on the stimulation rate and resting membrane potential (Fig. 3B) . Strikingly similar phenotypes have been observed in studies of migraine mutations associated with Na v 1.1, including impaired fast and slow inactivation and increased channel availability in response to rapid channel stimulation (5-9).
A Na v 1.1 Inhibitor Promotes Slow Inactivation Through VSDIV. ICA-121431 (ICA) is a small molecule inhibitor of Na v 1.1 and Na v 1.3 that has been shown to target extracellular amino acids within S2 and S3 in VSDIV, a locus also required for Hm1a efficacy (10, 20) . Indeed, we found that Na v 1.4 can be rendered ICA-sensitive by replacing the S1-S2 and S3-S4 loops of VSDIV with those from Na v 1.1 (Fig. 4A) , demonstrating that ICA and Hm1a sensitivity is specified by the same regions. (The Na v 1.4 S1-S2/S3-S4 chimera does not show use-dependent inhibition by itself; Fig. S2 .) In accordance with previous results (20), we observed strong use dependence for ICA (500 nM), such that Na v 1.1 currents were fully inhibited at a stimulation rate of 5 Hz but unaffected at lower (0.2 Hz) rates (Fig. 4B ). To better understand how ICA affects Na v 1.1 gating, we measured activation-voltage and SSI relationships using prolonged intersweep intervals (10 s) to prevent use-dependent effects from ICA. Under these conditions, ICA did not significantly affect Na v 1.1 activation (V 1/2 = −38 ± 1 mV in control and −37 ± 1 mV with compound) or SSI (V 1/2 = −42 ± 1 mV in control and −42 ± 2 mV with compound) (Fig. 4C) . In contrast, the same concentration of ICA significantly shifted the voltage dependence of slow inactivation to more negative voltages (V 1/2 = −68 ± 1 mV in control and −78 ± 1 mV with compound) and markedly accelerated entry into slow inactivation (Fig. 4D) . Because both ICA and Hm1a interact with the same region in VSDIV, we coapplied ICA and Hm1a (500 nM each) to Na v 1.1-expressing oocytes and exposed them to different stimulation rates. At high stimulation rates (5 Hz), Hm1a was unable to overcome ICAinduced inhibition, consistent with the idea that the toxin likely dissociates when channels are exposed to prolonged depolarization (Fig. 2D) . During low-frequency stimulation at 0.2 Hz, ICA did not affect the ability of Hm1a to inhibit fast inactivation, thus resulting in channels that inactivated incompletely (Fig. 4E ). Taken together, these results show that ICA inhibits Na v 1.1 currents by binding to VSDIV to specifically target the slow inactivation process.
Disruption of Na v 1.1 Fast Inactivation Influences Slow Inactivation.
Up to this point, our data suggest that VSDIV is involved in both fast and slow inactivation and that these two processes can be separated pharmacologically. To further investigate the nature of their relationship, we constructed the Na v 1.1 L417W/ L419C/A420W (WCW) triple mutant and measured its gating properties. These three residues are located at the intracellular end of the DI S6 helix, where mutations have been shown to remove fast inactivation of Na v 1.4, Na v 1.5, and Na v 1.7 (25) (26) (27) . Likewise, we found that fast inactivation was largely abolished in the Na v 1.1 WCW mutant ( Fig. 5 A and B) . In addition, the voltage dependence of activation was shifted to more negative potentials [V 1/2 of −23 ± 2 mV for wild-type (WT) vs −36 ± 1 mV for WCW mutant channels] (Fig. 5B) . Monitoring slow inactivation in this mutant revealed that significantly stronger depolarization was required to drive the channel into the slow inactivated state (V 1/2 = −68 ± 2 mV for WT vs −46 ± 1 mV for the WCW mutant) (Fig. 5C) ; however, the time-dependence of entry into the slow inactivated state at −20 mV was increased in the mutant (Fig. 5D ). This gating behavior is similar to that observed in the Na v 1.4 WCW mutant, where fast and slow inactivation display an inverse relationship, suggesting functional coupling (27) . Such a correlation also has been detected in other fast inactivation-deficient Na v channels, including the QQQ mutant (28, 29) and chloramine T-or pronase-treated channels (30, 31) , as well as, to a certain extent, Shaker K v channels, in which experiments have shown that N-type inactivation (fast) is at least partially coupled to C-type inactivation (slow) (21) . The gating characteristics of the Na v 1.1 WCW channel can be explained if these mutations destabilize the VSDIV-activated state, thereby inhibiting the resting-to-activated step while promoting the activated-to-immobilized transition. Although we cannot exclude the effects of mutating three Na v 1.1 pore residues on other channel regions, selective destabilization of the VSDIVactivated state is a likely consequence, because it prevents binding of the inactivation particle to the intracellular pore, a gating process known to be coupled to the activated state of VSDIV (1). Of note, Hm1b, a close relative of Hm1a (10), does not affect the activation-voltage and SSI relationships of Na v 1.1 WCW (Fig.  S3A) . Moreover, the voltage dependence of slow inactivation is much less affected compared with the effects of Hm1a on WT Na v 1.1 (Fig. S3B) , further supporting the idea that the effect of Hm1a/b on slow inactivation is likely indirect and mediated primarily through the inhibition of fast inactivation.
A Model of Sequential Na v 1.1 VSDIV Movements. In considering models that can account for our observations, we propose that VSDIV undergoes sequential movements that couple fast and slow inactivation (Fig. 6A) . The first step initiates fast inactivation and corresponds to the transition of VSDIV from the resting state to the activated state, a step that accounts for the majority of gating charge movement (15, (32) (33) (34) (35) . The second, more weakly voltage-dependent, transition moves the activated VSDIV to an immobilized state that is coupled to selectivity filter collapse and slow inactivation, as has been proposed for other voltage-gated channels (14, 17, 36) . The effect of Hm1a (10) on Na v 1.1 (Figs. 1,  2, 3 , and 5) can be explained primarily as inhibition of the first VSDIV transition, thereby resulting in direct effects on fast inactivation and indirect effects on slow inactivation, particularly with respect to voltage dependence. Conversely, ICA accelerates entry into slow inactivation by promoting the activated-toimmobilized transition of VSDIV, with more modest effects on the voltage dependence of slow inactivation and no effect on the voltage dependence of activation or SSI.
To test our hypotheses, we constructed a three-state model of sequential inactivation in which the first transition represents VSDIV activation (coupled to channel inactivation) and the second transition represents VSDIV immobilization (coupled to channel slow inactivation) (Materials and Methods and Fig. 6B ). Original data were fit to reproduce slow and fast SSI curves, along with the time course of entry into the slow inactivated state (10-s pulses to −20 mV). As shown in Fig. 6B , the model accurately reproduces the inactivation properties obtained from experimental data (WT model). Remarkably, all of the effects of Hm1a on Na v 1.1 gating can be simulated with a minimal number of perturbations to the fast inactivation transition of the WT model; i.e., slowing the forward step into the fast inactivated state and accelerating the reverse step ( Fig. 6B and Table S1 ). Similarly, a simple acceleration of the second transition by a factor of 3 compared with the WT model reproduced the observed effects of ICA on the time course of entry into the slow inactivated state, as well as the leftward shift in the slow inactivated state availability curve (Fig. 6B and Table S1 ). Taken together, these simulations support a sequential inactivation scheme in which the initial, fast-inactivation coupled movement of VSDIV is followed by a slower, less voltage-dependent transition to the immobilized, slow-inactivation-coupled state.
Discussion Na v channel inactivation is a complex process consisting of fast and slow components that may involve a contribution from one or more voltage sensor domains (1, 13, 15, 16, 19) . Understanding these processes and elucidating strategies for their pharmacologic modulation may aid drug discovery efforts aimed at treating Na v 1.1-associated disorders, such as epilepsy, migraine, and mechanical pain (2, 3, 5-8, 10, 11). Here we exploited two pharmacologic agents to probe the role of VSDIV in Na v 1.1 inactivation. Our data suggest that the VSDIV-targeting spider toxins Hm1a/b (10) increase Na v 1.1 currents by inhibiting the initial voltage-sensor movement to hamper fast inactivation (Fig. 1) . In addition, these toxins shift voltage dependence of slow inactivation to more positive potentials and impede entry into the slow inactivated state (Figs. 2 and 3) . We further show that the small-molecule inhibitor ICA-121431 (20) exclusively influences slow inactivation by binding to VSDIV, and that a mutant (WCW) that destabilizes fast inactivation also inhibits the voltage dependence of slow inactivation, but enhances the kinetics of entry into this state (Figs. 4 and 5) .
Although these data do not rule out contributions of VSDI-III or other regions to macroscopic fast or slow inactivation (19, (37) (38) (39) , they do suggest a prominent role for VSDIV in slow inactivation, especially because this process can be promoted (ICA) or inhibited (Hm1a) through pharmacologic agents that target this particular voltage sensor domain. Notably, the concept that slow inactivation is tied to a VSDIV transition subsequent to activation supports previous models proposing that Na v channel voltage sensor immobilization and slow inactivation are coupled (1, (15) (16) (17) (18) 36) . Taken together, our results provide support for a VSDIV-centric model of Na v 1.1 inactivation in which both fast and slow inactivation processes are coupled to sequential movements of this voltage sensor (Fig. 6) .
Partial loss of Na v 1.1 function in parvalbumin-positive interneurons in the brain is sufficient to cause epilepsy (12, 40) . These neurons display high-frequency firing properties that exacerbate an Na v 1.1 deficit by driving remaining channels into the inactivated state. Thus, certain aspects of Hm1a action, including its subtype selectivity, may be well suited to treat epilepsy associated with reduced Na v 1.1 function (11) . However, the introduction of a large window current by the toxin is a complicating factor, given that this current also has been linked to seizures (41) . In fact, injection of high concentrations of Hm1a into the mouse brain was shown to be lethal (42) , an observation consistent with the idea that elevated toxin concentrations can introduce a dangerous level of persistent Na v 1.1 current. Moreover, Na v 1.1 expression in other regions of the brain may contribute to Hm1a toxicity (4). Nonetheless, our Na v 1.1 inactivation gating model provides a rationale for developing new Na v 1.1-selective agents with a greater safety margin (11) . For example, a VSDIV-binding compound that equally favors the resting and activated voltage sensor over a subsequent slowinactivation-coupled state should prevent Na v 1.1 accumulation in the slow inactivated state without introducing persistent current. In contrast to pharmacologically activating Na v 1.1 by targeting VSDIV, blocking channel currents by promoting entry into the slow inactivated state (ICA) may be efficacious in treating such disorders as irritable bowel syndrome, where enhanced Na v 1.1 function or expression may dysregulate the excitability of sensory nerve fibers that mediate mechanical pain (10) .
Finally, our data show that Hm1a inhibits fast and slow inactivation to increase available channels during periods of rapid stimulation. Strikingly similar phenotypes are exhibited by Na v 1.1 mutants linked to migraine (5) (6) (7) 9) . Of note, migraine mutations tend to cluster around Na v 1.1 VSDIV, lending further support to the utility of Hm1a for phenocopying FHM3. As such, Hm1a could represent a new tool with which to probe the contributions of central or peripheral Na v 1.1-expressing neurons to migraine pain.
Materials and Methods
Reagents and Buffers. Hm1a was purified from Heteroscodra maculata venom as described previously (10) . LqqIV was provided by Martin-Eauclaire and Pierre Bougis, Aix-Marseille Université (22) . ICA-121431 was purchased from (Table S1 ). Simulated SSI (Left), voltage dependence of slow inactivation (Middle), and time dependence of entry into slow inactivation (Right) are shown. WT, Hm1a, and ICA models are shown in black, red, and blue, respectively.
Tocris. Human Na v 1.1 was obtained from Origene Technologies and modified as reported previously (11) . Rat Na v 1.4 was a gift from Baron Chanda, University of Wisconsin-Madison. cRNA was synthesized in vitro using T7 polymerase (mMessage mMachine Kit; Life Technologies), preceded by enzyme linearization of sequenced DNA. Na v 1.1 DNA was amplified using CopyCutter EPI400 Escherichia coli (Epicentre), whereas Na v 1.4 was propagated in JM-109 E. coli (Promega). Expanded DNA stocks were checked for rearrangements using restriction mapping with appropriate enzymes (New England BioLabs). All other chemicals were obtained from Sigma-Aldrich.
Xenopus laevis Oocyte Electrophysiology. Na v 1.1, Na v 1.4, and the PCRgenerated Na v 1.1 WCW mutant were expressed in Xenopus laevis oocytes (animals from Xenopus 1 or ovaries acquired from Nasco) that had been incubated in Barth's medium [88 mM NaCl, 1 mM KCl, 0.33 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , 0.82 mM MgSO 4 , 2.4 mM NaHCO 3 , 5 mM Hepes, and 0.1 mg/mL gentamycin, pH 7.6 with NaOH] at 17°C for 1-3 d after cRNA injection, and then studied using a two-electrode voltage-clamp recorder (OC-725C; Warner Instruments or GeneClamp 500B; Axon Instruments) with a 150-μL recording chamber or a small-volume (<20 μL) oocyte perfusion chamber (AutoMate Scientific). Data were filtered at 4 kHz and digitized at 20 kHz using pClamp 10 software (Molecular Devices). Microelectrode resistance was 0.5-1 MΩ when filled with 3 M KCl. The external recording solution contained 100 mM NaCl, 5 mM Hepes, 1 mM MgCl 2 , and 1.8 mM CaCl 2 , pH 7.6 with NaOH, except for the low-Na + solution, which contained 5 mM NaCl, 93 mM KCl, 1 mM MgCl 2 , and 5 mM Hepes, pH 7.6 with NaOH. All experiments were performed at ∼22°C, and toxin samples were diluted in recording solution with 0.1% BSA. Off-line data analyses were performed using Clampfit 10 (Molecular Devices), GraphPad Prism 6, and Origin 7.5 (Originlab). Statistical analysis was performed as appropriate, and data are reported in the figure legends or text. To avoid functional interference of auxiliary proteins (23), Na v channel gating properties were investigated in oocytes without the presence of β subunits.
Computational Modeling. Computation results were obtained by fitting the rate constants of a three-state model with Arrhenius equations of the form a = c1·exp(v/x1) and b = c2·exp(−v/x2). Simulations were performed in MATLAB (MathWorks), with a deterministic solution (using forward Kolmogorov equations) for the linear system under imposed voltage clamp. For initial conditions, the channel was assumed to be available when held at the holding potential (−140 mV). For the simulations shown in Fig. 6B , the forward (a) and reverse (b) rates between states are governed by the following equations, where the values used for the constants in the equations are given in Table S1 : fast inactivation transition, a1 = c1·exp(v/x1) and b1 = c2·exp(−v/x2); slow inactivation transition, a2 = c3·exp(v/x3) and b2 = c4·exp(−v/x4).
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Osteen et al. 10 .1073/pnas.1621263114 . Na v 1.4 VSDIV S1-S2/S3-S4 does not show use-dependent inhibition. Shown is a representative experiment demonstrating that before the addition of ICA-121431, peak current from the Na v 1.4 VSDIV S1-S2/S3-S4 chimera reaches steady state during 1-Hz pulses to −30 mV. The ICA-121431-induced block washes out, and peak current returns to the steady-state level before drug application. 
